Before the days of molecular phylogenies, the standard way of viewing microbial evolution was as process of physiological evolution: the ordering of the sequence of events in which different pathways that microbes use to harness carbon and energy arose. The physiological view of microbial evolution was, of course, replaced in the 1980s by a gene centered view of microbial evolution that was built around the ribosomal RNA tree of life, also called the universal tree or the three domain tree. The universal tree installed long sought order into microbial systematics, but left physiological evolution out in the cold, because physiology never mapped properly onto the rRNA tree. LGT decoupLes physioLoGy from phyLoGeny T he foregoing quote from Dickerson (1) typifies a physiological view of evolution, one in which lateral gene transfer between prokaryotes is normal and distributes metabolic capabilities among lineages. Almost four decades later, the quote is still quite modern. It embodies a particular approach to understanding microbial evolution, a view from the standpoint of physiology -the chemical reactions at the core of carbon and energy metabolism that drive the process of life forward. Physiology is important in evolution, whether carbon (2, 3), sulfur (4, 5), nitrogen (6), or the geochemical context of physiology (7). Dickerson's quote also puts a very natural and nonchalant 1980s mention of lateral gene transfer (LGT) into the picture of microbial evolution as a common component of genetic variation among prokaryotes, long before people were debating the significance of LGT in prokaryote evolution. It even goes so far as to say that
is important in evolution, whether carbon (2, 3) , sulfur (4, 5) , nitrogen (6) , or the geochemical context of physiology (7). Dickerson's quote also puts a very natural and nonchalant 1980s mention of lateral gene transfer (LGT) into the picture of microbial evolution as a common component of genetic variation among prokaryotes, long before people were debating the significance of LGT in prokaryote evolution. It even goes so far as to say that LGT could possibly transform non-respiring lineages into respiring lineages via the transfer of many genes, something that we now know does actually occur during microbial evolution (8) .
Dickerson noted that the "evolutionary record" of microbes might have been scrambled. We have concepts about microbial evolution that are based on their evolutionary record, but what is the evolutionary record of microbes? What is it made of? It would appear that for microbial evolution there are only two kinds of records: geological and genomic. It is said that Earth records its own history (9) , so do genomes. Putting geological and genomic evidence into a consistent picture of microbial evolution is a challenging undertaking, but that is the deliverable if we want a fuller picture of microbial evolution. Yet the only real connection between the two kinds of substance of the microbial evolutionary record -rocks and genes -is physiology. Physiology is arguably what life is all about, and the only processes that have left a trace in our current reading of the very ancient geochemical record are physiological.
Rocks preserve evidence of microbial activity in the form of carbon (10) , sulfur (11) and nitrogen (12) isotopes, in addition to evidence for molecular oxygen (13) . It is the physiological evolution of microbes, not the phylogeny of their ribosomes, that fits into the bigger picture of Earth history. Geologists tell us that the oldest sedimentary rocks, which are ca. 3.8 billion years of age, harbor traces for life in the form of light carbon isotopes, which is generally interpreted as evidence for biological CO 2 fixation at that time (14, 15) , although new findings have it that biological CO 2 fixation might go back possibly as far as 4.1 Ga (16 ) . Geologists also tell us that nitrogen fixation has been around for at least 3.2 billion years (12) and that molecular oxygen has been around for about 2.4 billion years (13, 17) . Rocks date the existence of physiological processes, the distributions of which rarely are restricted to specific phylogenetic groups.
If we look back in the geochemical record beyond roughly 1.5 billion years ago, there are only two kinds of straightforward chemical traces that correspond to evidence for the existence of any modern phylogenetic group. One is the presence of molecular oxygen, which indicates the existence of cyanobacteria 2.4 billion years ago (13) . The other is biogenic methane in rocks 3.5 billion years of age, which provides evidence for the antiquity of archaea, because methanogenesis is restricted to the archaea. The antiquity of biological methane does not, however, indicate which groups of methanogens are ancient, because new phylogenetic depictions of the tree of life have methanogens basal among the archaea, with loss of methanogenesis having occurred in many independent groups (18, 19), those losses corresponding to gene acquisitions from bacteria in some cases (20).
LGT thus decouples phylogeny from physiology in the methanogens, too, which now appear to be the most ancient archaea, but no longer appear as a monophyletic group.
All other physiological traits preserved as isotopic evidence in ancient rocks, whether CO 2 reduction (2, 21), N 2 reduction (22), or sulfur reduction (23), are present in many different prokaryotic groups, both among the archaea and among the bacteria. There can also be little doubt that those physiological traits, regardless of whether they were present in the last universal common ancestor (LUCA) or not, have been distributed by LGT among prokaryotic groups. A clear example is anoxygenic photosynthesis, which operates in conjunction with at least three different CO 2 fixation pathways (13, 24) . Anoxygenic photosynthesis is a major physiological trait, the coding capacity for which entails dozens of genes for the type II photosystem, chlorophyll, and carotenoids. This complex trait can, however, be condensed into a large but mobile plasmid that is colinear with the Rhodobacter photosynthesis operon and that is mobile among marine proteobacteria (25). In microbial evolution, LGT decouples physiology from phylogeny.
physiology along phylogenies
Two 1980 papers on microbial evolution appeared in Nature back to back that in some ways symbolize the difference between physiological and phylogenetic views of evolution. The first one, on cytochrome c phylogeny, presented evidence for how LGT played an important role in distributing the gene and physiological attributes associated with it (26). The second one, by Woese et al. (27) , presented evidence for congruence between cyctochrome c and 16S rRNA trees in a more vertically oriented picture of evolution. Of course, 16S sequencing eventually provided the tool and the universally applicable tree that microbial systematics had been looking for. The rRNA tree (28, 29) installed direly needed order into microbial systematics. But it left physiological evolution out in the cold, because physiology never mapped properly onto any incarnation of the rRNA tree.
To be sure, we need prokaryotic systematics. It is also hard at present to imagine a kind of prokaryotic systematics that is not based, at higher taxonomic levels, on ribosomal phylogeny. There also are good reasons to think that the ribosome is inherited vertically in prokaryotes (30). After all, an E. coli cell is about 16% ribosomal RNA by dry weight (31) and a ribosome is about 40% protein by weight, such that if we take E. coli as a typical prokaryote, ribosomes make up about one third of the dry weight of a cell. If we get the phylogeny of a cell's ribosomes right, we would have a picture of how a major component of the cell evolved over time. The ribosome requires, however, the physiology of the cell (carbon, nitrogen, sulfur and energy) to make it from one generation to the next.
Even for newer versions of the rRNA tree based on ribosomal proteins rather than ribosomal RNA (32), the sporadic distribution of traits like photosynthesis shows that their distributions do not follow phylogeny, rather they are the result of LGT. As technology progressed through the 1990s up to today, it became very easy and affordable to sequence genes, then genomes, then genomes of environments. The computer power to handle such data kept pace with the leaps in sequencing technology accordingly. But the pursuit of genes and genomes has led us into a situation where, thanks to modern environmental sequencing, we now have genome-supported trees for hundreds and thousands of previously undiscovered prokaryotes, but we do not know what they need and how they grow, their physiology. Environmental genomes reflect fascinating organisms in fascinating environments, but in order to understand their environmental significance, we need to know what they are doing for a living (19, 32). That is not a criticism of environmental sequencing, it is a plea for understanding physiology. For the currently unculturable organisms, environmental sequencing is presently the only avenue of pursuit. There might come a time when we have made trees for all there is that will fit on a tree. Maybe then there will be a return to physiology in understanding the microbial evolutionary process, regardless of whether it maps out neatly on a tree or not. Advances in physiology do not, however, come an environment at a time, they generally come one protein, one enzyme, one enzyme complex and one reaction at a time. Progress in physiology can therefore be slow, as demonstrated by the example of anaerobic methane oxidizers. They were imaged 16 years ago (35), but still no one can yet sort our exactly how they work (36, 37) , that is, how they pump and which chemical reactions are involved (38, 39) . Even if we sort out how all of the organisms covered in today's metagenomics pump and exactly where the electrons in their core physiology come and go, that still would by itself answer to the question of where those reactions fit in the bigger picture of physiological evolution. That brings us back to Dickerson's 1980 paper quoted in the introduction (1), the overall course of physiological evolution, and (finally some readers might say) the question in the title of this paper of how physiological evolution got started. What kind of carbon and energy metabolism existed at the root of life's tree? fermentation at the root?
In evolutionary biology, when we want to reconstruct or address unknown sequences of events in the biological past, the standard protocol is to start from what we presume to be the simple and to work forward in time with the help of natural variation and natural selection towards the more complex, without violating the dicta of natural science and paying attention to Occam's razor. Using such tools in the context of physiology, scientists interested in the first kinds of metabolism have long thought that fermentations are the logical starting point for physiological evolution (40, 41). Haldane (40, p. 8) formulated it like this:
"To-day an organism must trust its luck, skill, or strength to obtain its food. The first precursors of life found food available in considerable quantities and had no competitors in the struggle for existence. As the primitive atmosphere contained little or no oxygen, they must have obtained the energy which they needed for growth by some other process than oxidation -in fact by fermentation."
Of course, in Haldane's day, nobody knew how fermentations work. Fermentations of the kind that anyone ever had in mind in an early metabolism context are disproportionation reactions of carbon in an organic compound like glucose. Starting from an intermediate oxidation state, the carbon is converted into a more oxidized form, like CO 2 (or the carboxyl group in lactate) and a more reduced form like ethanol (or the methyl group in lactate). Because glucose is an energy rich compound, there is energy to be gleaned from ethanol or lactate fermentations, enough to generate one ATP per CO 2 (or carboxylate) produced, the energy being conserved at an oxidative step in which an aldehyde group is converted into a carboxyl group via an enzyme bound hemithioacetal, its oxidation to an energy rich thioester, phosphorolysis of which releases an acyl phosphate with a free energy of hydrolysis high enough to readily phosphorylate any number of compounds, including the beta phosphate on ADP. Many other kinds of fermentations exist (42, 43, 44) . But can such a reaction sequence reside at life's root?
A very surprising development in fermentations concerns the mechanisms of energy conservation. In eukaryotes, energy conservation during fermentations is typically a straightforward process of substrate level phosphorylation: during conversions of small molecular weight carbon compounds, the energy in a thioester bond or an acyl phosphate bond is conserved to generate ATP (45). In strictly anaerobic prokaryotes (the ones that are likely to be ancient, also in Haldane's view), fermentations involve chemiosmotic coupling (46, 47, 48, 49, 50) . In phylogenetic terms, eukaryotes arose from prokaryotes via endosymbiosis, such that in physiological evolution, the eukaryotic kinds of fermentation cannot be the ancestral state. Can fermentations that involve chemiosmotic coupling be the ancestral state of physiology? Probably not, because a relatively large number of proteins properly arranged in the plasma membrane are required to create chemiosmotic gradients via ion pumping coupled to exergonic reactions (usually redox reactions) and to harness chemiosmotic gradients via rotor stator type ATPases. The ATPase is as ancient as the ribosome, yes (51) , and it is less complex than the ribosome. The issue is not "what is possible once we have ribosomes", the issue is more "what kind of physiology underpinned the origin of the ribosome?"
The closer we look, the more evident it becomes that fermentations are actually a very problematic starting point for physiological evolution altogether. The main problem concerns substrate. Fermentations as they exist in the cells whose origin we strive to explain involve channeling a very small number of substrates (often just one) present in large amounts through a very specific series of conversions leading to one highly tuned reaction sequence catalyzed by a handful of 3-4 enzymes that conserve energy as a compound that can phosphorylate ATP. At the onset of evolution, there were no environmental reserves of reduced carbon compound present in large amounts as specific isomers that could have fuelled energy conservation via fermentations or promoted their origin from the elements.
On the early, uninhabited Earth, the main form of carbon was not glucose, glucose phosphate, ribose, glycogen, or starch, it was CO 2 (52) . That is because the early Earth went through a phase where the planet was molten rock and metal, which is typically hotter than 1000°C and carbon in contact with the elements on the early Earth at such temperatures will exist as CO 2 , not as glucose or anything similar. Critics will interject, but what about carbon from space? Yes, there was a lot of carbon brought to Earth from meteorites, maybe 10% of Earth's total carbon (53) , but the carbon in meteorites has a different problem: it is too reduced. Carbon in meteorites is typically on the order of 98% polyaromatic hydrocarbons (54) , which are basically graphite, a nonfermentable substrate. The remaining 2% is distributed across hundreds (or thousands) of different compounds, mostly various isomers of aliphatic acids, each present in parts per million or parts per billion concentrations. Straight or branched chain organic acids are also nonfermentable substrates, they are too reduced for disproportionation. Remaining components of stardust, present in trace concentrations each, might be fermentable in terms of their redox state -amino acids and bases are fermentable for example (42) -but would require dozens or hundreds of preexisting isomerases and mutases in order to channel substrates into reactions suitable for harnessing via substrate level phosphorylation (SLP). Stardust delivers reduced carbon compounds, but not fermentable substrates (50) .
Avoiding the fermentation problem by throwing in some oxidants like Fe 3+ (55) or NO (56) to harness chemical energy by oxidizing nonfermentable substrates (instead of disproportionation reactions) does not remedy the situation. That is because in the presence of strong oxidants, carbon equilibrium lies in the side of CO 2 , not on the side of the building blocks of life (57) . In the presence of strong oxidants, the chemical substance of life will be oxidized to CO 2 (24).
If not fermentation first, what then?
If substrate level phosphorylation via fermentations at the onset of energy metabolism won't work, what will? Since mid-1980s, Georg Fuchs had repeatedly made the case that the acetyl CoA pathway was the most ancient pathway of CO 2 fixation (2, 58, 59) . But the acetyl-CoA pathway is also a pathway of energy metabolism. Everett Shock (60) said it one way: organisms that use acetyl-CoA pathway "get a free lunch that they are paid to eat". Rolf Thauer, in an enlightening conversation, said it another way: in the reaction of H 2 and CO 2 , the equilibrium lies on the side of acetate.
That is perhaps the main reason why hydrothermal vents are attractive as the site of physiological origin. H 2 is continuously generated in the crust via the process of serpentinization (61, 62, 63) , it exits in hydrothermal vents at concentrations exceeding 10 mM, interfaces with large amounts of CO 2 in the ancient oceans, which contained more CO 2 than today, perhaps 1000x as much (64) . Some modern cells harness energy from the reaction of H 2 with CO 2 , satisfying their carbon and energy needs from H 2 and CO 2 alone: acetogens (bacteria) and methanogens (archaea). They are both chemiosmotic in that they reduce CO 2 with electrons from H 2 , pumping protons or sodium ions in the process. Their ATPases are related, their mechanisms of pumping are not (65, 46, 47, 66) . Serpentinization also generates alkaline water (67) such that at the vent-ocean interface a proton gradient exists. A case can be made that the first replicating chemical systems possessing genes and the genetic code could harness geochemical ion gradients (68) . But that still cannot be the beginning of physiology, because if that replicating system had genes and the code, then it had to have possessed a form of physiology that supported its heritable replication. How did physiology get going? Neither SLP via fermentations can be the first energy metabolism for lack of fermentable substrates (50), nor can chemiosmotic harnessing to conserve energy as ATP because that requires proteins as energy converters in all forms of life known (the only ones we have to explain). What possi-bilities are then left to choose from? If we look around at what is known among real microbes, the only alternative that this author can see that exists in modern metabolism, is that physiology got started through a kind of SLP that does not depend upon fermentation: the kind of SLP that is manifest in some autotrophs that employ the acetylCoA pathway, also called the Wood-Ljungdahl pathway (69) with DG o ' = -10.5 kJ/mol (44) via SLP. The two enzyme system that catalyzes this reaction in acetogens and in many bacteria, phosphotransacetylase and acetate kinase, also occurs in Methanosarcina mazei (34) yet is missing in most methanogens and in most archaea studied so far (50) . Archaea tend to use a different and unrelated enzyme for ATP synthesis via SLP from acetyl-CoA. The archaeal enzyme, acetyl-CoA synthase (ADP forming), follows the same simple chemistry as the bacterial route, but the acyl phosphate remains enzyme bound throughout the reaction (72). The term "SLP" at the bottom of Figure 1 refers to the sequence of reactions just outlined and several papers that argued for the antiquity of this reaction sequence based on physiological or thermodynamic observations (2, 21, 60, 62, 73, 74 ).
An old figure with a new root.
The "problem" with acetogen and methanogen physiology is that there is not enough energy in the reaction of H 2 with CO 2 to either acetate or methane to supply carbon as acetyl-CoA and to simultaneously support growth via SLP. That is why growth of both acetogens and methanogens on H 2 and CO 2 strictly requires chemiosmosis (pumping), which allows the energy of a mildly exergonic reaction to be stored in the currency of an ion gradient for chemiosmotic energy harnessing. Acetogens growing on H 2 and CO 2 reduce 24 molecules of CO 2 to acetate for every molecule of CO 2 that they incorporate as cell mass (75), while methanogens that lack cytochromes, growing from a slightly more exergonic reaction, reduce about 20 molecules of CO 2 to methane for every molecule of CO 2 that they incorporate as cell mass, which can be estimated from the numbers given in Thauer et al. (65). The requirement for chemiosmotic pumping in the free living lifestyle of acetogens and methanogens, which survive on some of the lowest free energy changes known (76) is indicated in the figure as the advent of "ion pumping machinery". The pumping machineries in acetogens and methanogens are apparently a parallel invention in the bacterial and archaeal lineages (68) , while the ability to harness naturally existing (geochemical) ion gradients apparently traces to LUCA (51, 62, 68, 77 ).
An important new development in understanding the physiology of anaerobes is flavin based electron bifurcation, a mechanism of energy conservation discovered in 2008 (78, 79) and now known to be common to many strict anaerobes (80) . In electron bifurcation, an electron pair is split, with the individual electrons going in two different directions, one typically going energetically up- hill to a low potential acceptor, but not for free, of course, because the other electron picks up the thermodynamic tab via transfer to a high potential acceptor such that the overall reaction is energetically downhill (46). The discovery of electron bifurcation was very important, because it solved many nagging but crucial problems in the physiology of anaerobes, from odd stoichiometries among end products (81) , to pressing questions of how methanogens and acetogens generate low potential ferredoxins having a midpoint potential around -500 mV from H 2 the midpoint potential of which is not sufficiently negative (-414 mV) to allow the reaction to go forward (82). By transferring one electron from H 2 downhill to a heterodisulfide acceptor with E 0 ' = -140 mV, the overall energetics of the reaction are favorable (82). Electrons can also confurcate, which is how Thermotoga generates H 2 from NADH (which thermodynamically should not work), the trick being that the hydrogenase obtains one electron from NADH and the other from a low potential ferredoxin, which makes the overall reaction favorable (83). Flavin based electron bifurcation is a new development in bioenergetics (80) . Some might debate the view that electron bifurcation is a mechanism of energy conservation because it does not directly result in ATP synthesis, but it results in the synthesis of low potential ferredoxin, which can be seen as a kind of energy currency (78) , like acyl phosphates (84) or thioesters (55) .
Aside from the foregoing somewhat lengthy justification for replacing fermentation at the root of physiology with fermentation-independent SLP, and except for a few other aspects that are mentioned in the figure legend, the overall outline of In fact, it seems that views of physiological evolution have changed very little in general during the last 30 years, far less than views about phylogeny have changed (views about phylogeny have an inherently high rate of change). During that time, my interest has been to try to understand gene phylogenies in the context of physiology and evolution, as I will summarize in this paragraph (the reader is asked to excuse self-citations). Anaerobes are still ancient, oxygen still comes late and is of biogenic (cyanobacterial) origin, appearing about 2.4 billion years ago in the geochemical record (13, 26) . As in 1970, sulfate reducers still are ancient, and clostridia and methanogens are more ancient yet (44, 77) . (In 1970, archaea had not even been discovered such that a modern-context discussion of endosymbiosis was moot.) The endosymbiotic origin of organelles is still important (26, 85), although the host for the origin of mitochondria now better seen as an archaeon (86, 87, 88) . Curiously, in 1980 there were no well-founded physiological views on the host, Van Valen and Maiorana (89) being a major exception, but like everyone else, they had their tree of physiological evolution rooted in fermentations, which we now see (50) will not work. Anoxygenic photosynthesis still precedes oxygenic photosynthesis (26, 90). Lateral gene transfer plays a role in physiological evolution (1, 91) , also massive LGT capable of introducing respiration into an otherwise nonrespiring lineage (26 ), namely the transformation of methanogens into haloarchaea (8, 20) , and the transformation of a H 2 -dependent archaeal host into a facultative anaerobic eukaryote harbouring the common ancestor of mitochondria and hydrogenosomes (45, 86, 92, 93) , a lineage of which acquired the cyanobacterial ancestor of plastids (94) and many genes from that plastid ancestor (95, 96). In my studies of genes, I have been trying to let each gene speak for itself as best it can with phylogenetic tools and I have been trying to interpret the message of as many genes as possible, rather than looking at one or a few genes in the hope, expectation, or conviction that those I, or others, select will speak for the whole genome.
Schluss.
Schluss is a German word that means end or conclusion, I choose it here because Mereschkowsky used it to conclude some of his papers, and he was also trying to understand physiological evolution, which led him straight to the conclusion that plastids were once free-living cyanobacteria. It is also interesting to note that he did not view the evolution of physiology as starting from fermentations, rather he suggested over 100 years ago that the first cells had the ability to synthesize proteins and carbohydrates (the latter without the help of chlorophyll) from inorganic substances ['Fähigkeit, Eiweiße und Kohlenhydrate (letzteres ohne Vermittlung des Chlorophylls) aus unorganischen Stoffen zu bilden.' (Mereschkowsky (97), p. 360)], which today we would call autotrophic origins.
Mereschkowsky was using endosymbiosis to explain physiological phenomena (photosynthesis in plants). Endosymbiosis is about physiology, not about genes or genetics. But views of evolution that focused on genes or genetics never had much room for endosymbiosis, possibly because it was about physiology, not genes, possibly because physiology is chemistry and does not fit into the mathematical mold of evolutionary genetics. We need genetics to understand evolution, yes, but without carbon and energy metabolism to run the processes of genetics and keep organisms alive over a generation or overnight, no evolution can take place. At life's origin, genes came from a physiological process of chemical synthesis, genes are products (byproducts, actually) of an ancient, exergonic core chemical reaction. That is still true about life today.
One more aspect comes to mind in the present context. One of the more serious problems with the idea that life started off with fermentations concerns heterogeneity of substrates. Carbon from space is not a fermentable substrate, and even if we were to imagine that CO 2 reduction are quite common across biological chemistry, and methyl groups are very common, being particularly common in the modified bases that allow the genetic code to work (77) , in addition to their central role in the carbon and energy metabolism of acetogens and methanogens. The ways that carbon enters metabolism probably holds clues about how metabolism got started, if we look at the right kinds of organisms (modern anaerobic chemolithoautotrophs, I maintain).
The point is this. The path starting from CO 2 to the molecules of life traverses a very finite number of routes, exergonic routes harboring energy that the most primitive kinds of prokaryotes still harness in today during growth. Those reactions, some of which still take place in hydrothermal systems today (98), seem both simpler and more ancient that the enzymes that catalyze them, which fits well with physiological thinking in evolution, because enzymes do not perform feats of magic, they just accelerate reactions that tend to occur anyway. The finite number and nature of exergonic reactions from CO 2 to the core of carbon and energy metabolism in anaerobic autotrophs (thioesters and acyl phosphates) is determined by the properties of carbon itself and the catalysts with which it interacts.
All things considered, CO 2 is an excellent carbon and energy substrate at the origin of physiology. It was undisputedly available in abundance on the early Earth and it is a chemically simple source of energy in conjunction with H 2 (also undisputedly abundant in early serpentinizing systems). It has short, direct, and thermodynamically favored reaction pathways with sulfur and phosphate in modern physiology that can conserve energy in thioester and acyl phosphate bonds. The nature of SLP in conjunction with the acetyl-CoA pathway is, however, neither fermentative nor respiratory, it is anabolic. Modern anaerobic autotrophs use electron bifurcation (46) to generate ferredoxins with midpoint potentials lower than that of H 2 to reduce CO 2 , pointing to a role for reduced iron itself at the root of CO 2 reduction and early physiological evolution (Figure 1 ) that is even more ancient than that of H 2 .
